Since the species classified in order Mycoplasmatales can be separated into at least six antigenically distinct groups by analytical serology, we compared the antigenic specificities of the adenosine triphosphatases (ATPases) and reduced nicotinamide adenine dinucleotide dehydrogenases of 14 strains by using quantitative immunoelectrophoresis and specific strains to identify enzymatically active precipitin peaks. The following species and serological groups were studied: My coplasma putrefaciens, My coplasma capricolum, and Mycoplasma species bovine group VII (group 1); Acholeplasma laidlawii and Acholeplasma equifetale (group 2); Mycoplasma gallisepticum (group 4); M y coplasma pneumoniae (group 5); Mycoplasma felis (group 6); Mycoplasma arginini, Mycoplasma hominis, and Mycoplasma gallinarum (group 7); and Ureaplasma urealyticum (ungrouped). Each strain showed ATPase activity which formed a precipitin peak against the homologous antiserum. Eight serologically distinct ATPases were identified, and most of these ATPases cross-reacted only within serologically related clusters of species, not between clusters; the exception was group 7, where the ATPase of M. gallinarum had a different specificity than the cross-reacting enzymes of M . arginini and M . hominis. All species except U . urealyticum possessed a reduced nicotinamide adenine dinucleotide dehydrogenase, but the enzymes in M. felis, M . horninis, and M. arginini did not precipitate with any antisera. The remaining species showed five distinct specificities of reduced nicotinamide adenine dinucleotide dehydrogenases, and the antigenic relationships of these enzymes exactly paralleled those observed with ATPases. Thus, the serological specificities of common mycoplasmic enzymes are powerful taxonomic tools.
Whereas most procaryotes have cell walls, the members of a small group lack cell walls and are bounded by unit membranes. The membranebound procaryotes recognized thus far are small organisms (circa 450 nm or less) which form small colonies on solid media and have extensive nutritional requirements that make them very difficult to grow. Taxonomic distinctions among these organisms have proceeded slowly; initially the organisms were called the pleuropneumonia group, and in 1955 all such organisms were classified in one genus, Mycoplasma (family, Mycoplasmataceae; order, Mycoplasmatales) (14, 15) . The family Acholeplasmataceue was formed in 1970 to include non-sterolrequiring species (10, ll) , and in 1974 the family Mycoplusmataceae was subdivided into two genera, Mycoplasma and Ureaplasma (41) because of the unique ability of ureaplasmata to metabolize urea. Although the more than 52 species remaining in the genus Mycoplasma conform to the "minimal standards" for Mollicutes (i.e., they are smaller than 450 nm, form typical small colonies, have no cell walls, and do not revert to bacteria [42] ), these species have no other features in common except their dependence upon exogenous sterol for growth. The guanine-plus-cytosine (G + C) contents of their deoxyribonucleic acids vary; Mycoplasma pneumoniae has the highest G+C content (40 mol%), Mycoplasma gallisepticum has 34 mol% G+C, and the G+C contents of the remaining species range from approximately 23 to 30 mol% (15) . Bacteria which vary in G + C content by more than 10 mol% have little genetic relatedness (43), and the Mycoplasma species which have been tested differ from each other in G+C content by more than 17 mol% (37). Differences in metabolism include fermentation of glucose, or hydrolysis of arginine, or utilization of both substrates. An 33, 1983 CLASSIFICATION OF MYCOPUSMATALES 219 resolving power of 7 to 11 antigens was used showed that Mycoplasma species do not have any common antigen, as would be expected in a genus, and that there are distinct clusterings of species which correlate strongly with G+C content, fermentation patterns, and nucleoside uptake (21, 24). Thus, we still do not know the relationships among the species classified in the genus Mycoplasma and the order Mycoplasmatales.
In this study we focused on the following two objectives: (i) to determine whether common enzymes of the Mycoplasmatales and Acholeplasmataceae are antigens, and (ii) if so, to determine whether the antigenic specificities of the enzymes differ among species. In the Mycoplasma and Acholeplasma species which we tested, which are representative of the serological clusters, we found that reduced nicotinamide adenine dinucleotide (NADH) dehydrogenase (EC 1 A.W.3) and adenosine triphosphatase (ATPase) (EC 3.6.3.1) are antigens that are usually precipitated by homologous antisera. Cross-reactivity was demonstrated only within serologically related clusters of species, not between clusters.
MATERIALS AND METHODS
Organisms. A total of 14 strains representing seven serogroups of species as defined by Kenny (23, 24) were used in this study (Table 1) . HeLa M cells (12) known to be mycoplasma-free were used in a control experiment.
Preparation of antigens. Strains were grown to densities of approximately lo8 cells per ml in a soy peptone-fresh yeast dialysate medium (20) containing 100 U of penicillin per ml and supplemented as follows: Mycoplusma species, 10% agamma horse serum and 20 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES) buffer at pH 7.3; Acholeplasma species, 2% agamma horse serum, 10 mM TES buffer (pH 7.3), and 5 mM glucose; and Ureaplusmu, 3% agamma horse serum, 100 mM 2-(N-morpholino)eth- anesulfonic acid buffer (pH 6.3), 30 mM urea, and 1 mM Na2S03 (25) . When they were harvested, the organisms were centrifuged, washed twice in TESsaline (10 mM TES, 150 mM NaCI, pH 7.3), suspended in a small amount of distilled water, diluted to a density of approximately 4 mg of protein per ml, solubilized in 0.5% Triton X-100 (a nonionic detergent), and disrupted by sonication for 60 s. An anionic detergent, sodium deoxycholate (0.1%), also was included in some preparations (see below). HeLa cells were grown to confluence in Eagle minimal essential medium (8) supplemented with 10% fetal calf serum. The cells were scraped off with a rubber policeman and suspended in TES-saline to a concentration of 4 mg of protein per ml.
Preparation of antisera. Both the cultivation of immunogens and the immunization procedure for preparing antisera have been described previously (22, 25) . To avoid raising antibodies to serum components, the species for immunization were grown in dialysate medium supplemented with agamma rabbit serum.
Immunoelectrophoresis. The procedure used for immunoelectrophoresis was the technique described by Laurel1 (31) , as modified by Thirkill and Kenny (45). Rocket immunoelectrophoresis was carried out on glass slides that were 2.5 by 7.5 or 5 by 7.5 cm, and 4-by-4-cm glass slides were used for two-dimensional (crossed) immunoelectrophoresis. Slides were precoated with 0.5% agarose in water, dried, and then layered to a depth of 2 mm with an agarose support (a 0.5% solution of agarose in barbital buffer [pH 8.6; ionic strength, 0.051 and any detergent that had been used to solubilize the antigen). For rocket electrophoresis, the middle portion of the gel (approximately onehalf of the total volume) was excised and replaced with an equivalent amount of 0.5% agarose support to which 8 to 15% antiserum and 0.5% Triton X-100 had been added (0.1% sodium deoxycholate was also included in runs with U. urealyticum). Holes 3 mm in diameter were cut at the cathodic end of the slide just below the antibody bed, antigen (10 pl) was added to each well, and the slide was subjected to electrophoresis for 2 to 3 h at 3 Vkm. For two-dimensional immunoelectrophoresis, a 3-mm well was cut 5 mm from the lower right corner, antigen (10 to 20 ~1 ) was added, and electrophoresis was carried out for 1 h at 6 V/cm with the anode to the left. The slide was turned No, all but a 1-cm strip of agarose (which contained the separated antigens) was removed, and the agarose was replaced with an antibody bed. Electrophoresis of the second phase was carried out at 4 V/cm for 6 h with the anode at the top. The electroendosmosis value (-mr) of the agarose support was 0.16 (measured by comparing the cathodic migration of dextran with the anodic migration of bovine albumin during elec trophoresis) (49).
Enzyme stains. The procedures used for ATPase and NADH dehydrogenase zymograms were modifications of the procedures of Owen and Salton (39) . After immunoelectrophoresis, gels were washed for 6 to 12 h in TES-saline to remove unreacted antigen and antibodies. The gels to be stained for ATPase were incubated unpressed at 37°C for 4 to 8 h (after which background staining became excessive) in a solution containing 10 mM ATP Sigma Chemical Co., 10 mM MgS04, and 10 mM Pb(NO& in 0.2 M tris(hydroxymethy1)aminomethane hydrochloride (pH 7.5). Gels were pressed (48) with Whatman no. 1 filter paper for VOL. 33, 1983 CLASSIFICATION OF MYCOPLASMATALES 221 20 min, washed in TES-saline, pressed two more times, and finally developed in a 0.1% Na2S solution. The hal wash was distilled water to remove salt before the gels were dried. To stain for NADH dehydrogenase, after prewashing the gels were incubated at room temperature for up to 24 h in a solution containing 10 mg of NADH (P-L Biochemicals or United States Biochemicals) and 5 mg of tetranitroblue tetrazolium (Sigma Chemical Co.) per 20 ml of 0.10 M tris(hydroxymethy1)aminomethane hydrochloride (pH 6.8). The gels were then washed in distilled water and dried. Protein assays. The protein contents of antigen samples were determined by the method of Lowry et al. (34) , using bovine albumin as the standard. The gels to be stained for protein were washed for 24 h in TESsaline and for 6 h in distilled water, dried, and stained with Coomassie blue (5) .
RESULTS
ATPase. ATPase was precipitated by homologous antisera in all species tested, as judged by zymograms of gels after rocket immunoelectrophoresis. When the enzyme was precipitated by antibody, a typical rocket-shaped peak was observed on the zymogram; this peak corresponded to a specific peak in a gel run simultaneously and stained for protein (Fig. 1) . ATPase activity was also observed when the enzyme was trapped in the gel by nonspecific interaction. This streaking occurred when an enzyme that was apparently membrane associated (e.g., the ATPase of Ureaplasma urealyticum) was run through the agarose support gel alone (no antiserum), with serum from unsensitized rabbits (data not shown), or with heterologous antisera (Fig. 2) . However, no precipitin lines were observed with Coomassie blue staining when entrapment was nonspecific, and the zymogram did not show a characteristic precipitin peak. If the enzyme was not recognized by the antiserum and was not entrapped, then the enzyme migrated completely off the slide if electrophoresis was continued long enough (Fig. 2) . Increased electrophoresis time did not affect the peak heights of the enzymes precipitated by specific antibody. Serological relatedness among the species was reflected in the serological specificities of their ATPases. Antiserum to one member of a species group usually precipitated the ATPases of other species belonging to the same group, but never precipitated ATPases from members of other groups (Table 2) . When antigens from Mycoplasma putrefaciens and bovine group VII (group l), Mycoplasma gallinarum (group 7), and U. urealyticum were tested against antisera to Mycoplasma capricolum, M . gallinarum, and U. urealyticum, only group 1 ATPases were precipitated by group 1 antisera. Antibody to M . gallinarum precipitated only the M. gallinarum enzyme, and only U. urealyticum ATPase was precipitated by antiserum to that species (Fig. 2) . Cross-reactions between Acholeplasma laidlawii and Acholeplasma equifetale were examined by using rocket electrophoresis and antibody to A. laidlawii. A. laidlawii ATPase was strongly precipitated by homologous antibody, whereas the A . equifetale enzyme had a weaker but positive reaction (Fig.  1) . Antiserum to either M. pneumoniae strain (group 5 ) precipitated the ATPases of both strains equally (Fig. 3) . The one strain of M . gallisepticum which represented group 4 had an antigenically distinct ATPase which did not react with any other group (data not shown). The enzyme of Mycoplasma felis (Fig. 4) did not cross-react outside group 6. The fact that a particular antigen (ATPase) was identified was important in determining relationships among group 7 species. Although the group 7 species chosen for this study have been shown to crossreact by gel diffusion and crossed immunoelectrophoresis (23, 24), the serological specificities of the group 7 ATPases differed. Two group 7 species, Mycoplasma arginini and Mycoplasma hominis, had enzymes that were precipitated by antibody to M. arginini (data not shown) but not by antibody to M . gallinarum, which reacted only with M . gallinarum enzyme (Fig. 5) .
NADH dehydrogenase. NADH dehydrogenase activity was observed by zymogram in each of the species studied except U. urealyticum, in which this enzyme was not demonstrated. The enzyme was serologically reactive (i.e., it was precipitated by homologous antisera) in groups 1, 2, 4, and 5 . The M . felis enzyme (group 6) migrated through the antibody bed without being precipitated (Fig. 4) , but could be demonstrated arginini was serologically reactive; the enzymes of these species were not precipitated by homologous antisera, by antiserum to M. gallinarum (which reacted with its own group 7 enzyme), or by antiserum to any other species (Fig. 5) . Reactions of enzymes from one group with antisera to species belonging to other groups demonstrated that cross-reactions occurred within groups but not between groups (Table 2 ). It is noteworthy that in species having serologically reactive NADH dehydrogenases, the specificities of this enzyme exactly paralleled those of ATPase. Group 1 NADH dehydrogenases reacted with antiserum to M . putrefuciens (a group 1 organism), showing that the enzymes of all three species cross-reacted, whereas antibody to M . gallinarum (group 7 ) did not precipitate group 1 enzymes (Fig. 6 ). Antise-. rum to A. luidlawii (group 2) precipitated enzymes of both A. laidlawii and A . equifetale (Fig. 1) . The two M. pneumoniae strains (group 5 ) cross-reacted (Fig. 3) . Neither M . gallisepticum NADH dehydrogenase (group 4) nor a standard mammalian NADH dehydrogenase from pig heart (Sigma) used at an identical protein concentration reacted with antisera to group 1 or group 7 organisms (Fig. 6) .
Electrophoretic mobility. The enzyme peaks were identified by zymogram in two-dimensional immunoelectrophoresis gels, and these peaks were compared with the peaks on an identical slide stained for protein. When a protein-stained profile was compared with the zymograms for ATPase and NADH dehydrogen- ase, we found that both enzymes were precipitated by homologous antiserum in most species tested. The relative electrophoretic mobilities were then determined by comparison with the bovine albumin standard ( Fig. 7 and 8 ).
The electrophoretic mobilities of enzymes in agarose did not distinguish between serologically unrelated enzymes, nor were the mobilities consistent among enzymes which had been shown to be related serologically (Table 3 ). The same mobility was observed for the NADH dehydrogenases of bovine group VII (group 1) and the Acholeplasma species (group 2), although the enzymes from groups l and 2 did not cross-react. Similarly, the unrelated ATPases of M . gallisepticum and M . felis moved at the same relative rate in agarose. Both enzymes of M.
putrefaciens showed different mobilities than the enzymes of other members of group 1, despite the demonstrated serological cross-reactivity of the enzymes of group 1 organisms. Within a species, the serological specificities and electrophoretic mobilities of the enzymes were consistent. The NADH dehydrogenases and ATPases of two strains of M . pneumoniae (group 5 ) which we examined both cross-reacted serologically and had identical electrophoretic mobilities (a result demonstrable with antiserum to either strain). The same result was observed with two M. gallinarum (group 7) strains; enzymes which were serologically identical also moved at the same rate during electrophoresis. Multiple forms of NADH dehydrogenase were found in several species. Antiserum to either strain of M . pneumoniae precipitated two electrophoretically distinct forms of the enzyme; these forms were also detected by protein staining and may constitute major cytoplasmic antigens (Fig. 7) . M . gallinarum (Fig. 8) and M .
putrefaciens (data not shown) each had a form of enzyme which was precipitated strongly by homologous antiserum, as well as other electrophoretic forms which were precipitated poorly and were not always observed. The electrophoretic mobility of the ATPase of U. urealyticum could not be determined by two-dimensional VOL. 33, 1983 CLASSIFICATION OF M YCOPLASMA TALES 225 immunoelectrophoresis because enzyme activity was restricted to a streak at the base of the slide. Streaking was reduced but not eliminated by including a negatively charged detergent (0.1% sodium deoxycholate), which moves amphiphilic proteins more rapidly toward the anode (2, 18). In the Acholeplasma species, M. hominis, and M. arginini, ATPase activity was too weak compared with the background stain in the two-dimensional zymograms to discern the position of the peak. NADH dehydrogenase was not precipitated by antisera in M . felis, M. arginini, and M . hominis.
Sensitivity. Zymograms were often more sensitive than protein staining for locating an enzyme peak. Although the NADH dehydrogenase of M. pneumoniae was clearly shown by protein staining, ATPase was detected only by enzyme staining (Fig. 7) . The ATPase in the M . gallinarum profile was discernible by protein staining; the NADH dehydrogenase showed strong enzymatic activity, whereas the companion protein stain was very faint (Fig. 8) . U . urealyticum ATPase was detected only in rocket electrophoresis by zymogram; slides stained for proteins showed no peak comparable to the ATPase peak (Fig. 9) . In M. felis the ATPase peak was obscured by a strongly stained protein peak and was visible only by zymogram (Fig. 4) . The intensified ATPase stain gave a degree of nonspecific staining (or illumination) of peaks visible by protein staining (Fig. 7B) , but the specific stain of the enzyme was far more intense than the nonspecific illumination of other antigen peaks.
Controls. Rabbit antisera to mycoplasmic immunogens did not detect horse serum enzymes in mycoplasmic antigen preparations. HeLa cell antigens showed ATPase and NADH dehydrogenase which reacted with homologous antiserum but not with antisera to Mycoplasma species. It has been shown that Triton X-lo0 has strongly oxidizing impurities pretent in some preparations, and these impurities have been suspected of interference in enzyme assays (4) where a reduced product is the indicator. To test for possible interference in our assay for NADH dehydrogenase, which involved the reduction of a tetrazolium salt, assays were done on antigens run without Triton X-100. The same number of enzyme peaks and the same apparent enzyme activity were observed. An additional source of potential interference in enzyme assays for which we tested was the substrate for NADH dehydrogenase. Contaminants in commercial preparations of NADH are known to inhibit certain dehydrogenases (19, 29) . Although NADH dehydrogenase has not been implicated, in order to avoid this problem solutions were scrupulously dehydrated (35). In addition, antigens were tested with a chromatographically purified preparation of NADH. When substrate was omitted, no staining occurred with either enzyme stain.
DISCUSSION
The concept that all sterol-requiring, nonhelical, urease-negative, membrane-bound procaryotes can be classified into a single genus (Mycoplasma) or, indeed, that all wall-less procaryotes can be classified into one order (Mycuplasmatales) has been seriously questioned by the results of recent studies (13, 51). A comparison of 16s ribosomal ribonucleic acid oligonucleotides suggested that there has been degenerative evolution of certain Mycoplasma species (evidently by diverse pathways) from the family Bacillaceae (51). By these criteria, M . capricolum (group 1) appears to be more closely related to Spiroplasma citri than to M. gallisepticum (group 4), and A. laidlawii (group 2) is more closely related to Clostridia innocuurn than to M . capricolum. Previous antigenic analyses of the Mycoplasmatales have revealed at least seven clusters of species (21, 24). One of these clusters, the family Acholeplasmataceae, has at least one cytoplasmic antigen which is common to all Acholeplasma species (32) but which is not shared with the family Mycoplasmataceae. Since present data show no evidence of common antigens in the various species of the genus Mycoplusma, we studied the serological specificities of ATPase and NADH dehydrogenase, which are present in all Mycoplasma and Acholeplasma species. Our results indicate that made fresh from NADH that had been kept the remaining serological clusters in the Myco-plasmataceae may be as distant from one another as they are from Acholeplasma. We detected six distinct serological ATPase specificities, which paralleled the serological groupings. Nearly identical patterns of specificity were observed with NADH dehydrogenases, except that U. urealyticum had no detectable NADH dehydrogenase activity. Moreover, three species (M. felis, M . hominis, and M. arginini) had enzymatic activity which did not react with homologous antisera or with any of the heterologous antisera tested, suggesting that these enzymes represent at least one additional NADH dehydrogenase specificity to which none of the rabbits produced antibody. In total, five serologically distinct NADH dehydrogenases were found in the 10 species which had serologically detectable NADH dehydrogenase activity.
The antigenic distinctiveness of ATPase and NADH dehydrogenase, as well as the ability of these enzymes to cluster apparently related organisms, has considerable taxonomic importance. We are now able to assign specific functions to common and unique antigens. This answers the following problem, which was posed by Lemcke (33) : "Until . . . the serological determinants of the mycoplasmas can be interpreted in terms of chemically defined determinants, we are forced to make the most intelligent use we can of our serological comparisons." First, the antigenic specificities of ATPase and NADH dehydrogenase can be used as two positive criteria to bind group 1 species together. This is important because the prototypic species of the genus Mycoplasma (Mycoplasma mycoides var. mycoides, an organism which cannot be studied in the United States) is closely related to this group (23, 24). Since no cross-reactions for these two enzymes were observed with other groups of species, group 1 species could be separated from the rest of the organisms in the genus Mycoplasrna. Second, intragroup specificities may be detected. M. gallinarum is an arginine utilizer which is antigenically related to other group 7 species, but this species shares the fewest antigens with that group (45). Both the ATPase and the NADH dehydrogenase of M . gallinarum showed distinct antigenic specificities. The arginine deiminase of this organism also has a different serological specificity than the arginine deiminases of M . arginini and M . hominis (16) .
In contrast, a comparison of the electrophoretic mobilities of a given enzyme did not lead to any clustering of species compatible with enzyme antigenic specificity. Isoenzymes which represented different antigenic specificities frequently had similar mobilities, whereas antigenically related isoenzymes sometimes had different mobilities (Table 3 ). This conclusion is in accord with the results of previous studies. Sugino (44) found that the electrophoretic mobilities of thymidine kinases showed substantial differences both between and among Mycoplasma and Acholeplasma species. When O'Brien et al. (38) tested 22 Mycoplasma and Acholeplasma species for common enzymes (using procedures for staining human serum enzymes), they detected 12 different enzymes having varying mobilities. However, when the data of these authors (38), as well as the data of Sugino (44), were compared with serological clustering, no relationship between serological groups and electrophoretic mobilities could be detected.
The technology of staining immunoprecipitates for enzymes is relatively simple since there are a variety of histochemical stains which can be directly adapted to crossed immunoelectrophoresis (17,39). Staining for enzyme activity has frequently but not always been more sensitive for detecting precipitin peaks than Coomassie blue staining. However, it is essential to remember that the fact that a given precipitin line is positive for a specific enzyme activity does not necessarily imply that the antibody is specific to that enzyme, since the antibody may only be specific to molecules associated with that enzyme. This problem is most likely to occur with membrane-associated enzymes; nevertheless, we were able to distinguish the antigenic activity of NADH dehydrogenase from the activity of ATPase in A . laidlawii, in which both enzymes are known to be membrane associated (30, 40) . The presence of a great many detectable enzymes in mycoplasmata (38) indicates that additional surveys for antigenic activity will be useful. The ability to prepare monospecific antisera (3) to individual enzymes should increase the usage of serological specificities of enzymes for taxonomic purposes. Enzymes are protein products of the genetic machinery and thus may be sensitive indicators of evolutionary and phylogenetic relationships.
